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BYCONVERSION OF XYLAN AND LEVULINIC ACID TO 
BIODEGRADABLE THERMOPLASTICS 

BACKGROUND OF THE .INVENTION 

Polyhydroxyalkanoates (PHAs) are biodegradable polyesters that in some 
microgorganiins are an intracellular carbon and energy reserve synthesized by a variety of 
microorganisms when carbon sources are provided in excess and growth is impaired by the 
lack of at least one other nutrient. Recently, PHAs have received increased attention because 
of their thermoplastic or elastomeric properties that resemble those of petroleum-based 
plastics, yet are completely biodegradable in the environment (Holmes 1988). Thus, in 
addition to being synthesized biologically, these alternative polymeric materials are capable 
of being converted to the harmless degradation products of CO2 and H 2 0 through natural 
microbiological degradation (Imam et al. 1999). With the appropriate choice of 
microorganism, carbon source, co-substrate, and culture conditions, a biodegradable 
copolyester can be produced with properties similar to those of polypropylene, while 
avoiding many of the environmentally recalcitrant characteristics of petroleum-based plastics 
(Bertrand et al. 1990). In addition to being biodegradable, PHA polyesters are also • 
recyclable, similar to the petrochemical-derived thermoplastics (Madison and Huisman 
1999). Since the vast majority of plastics are synthesized from petroleum-based feedstocks, 
our novel approach to enhance this technology will focus on the use of paper industry 
residue, namely xylan, as the major carbon source for microbial conversion to these 
environmentally compatible polymers. 

This new generation of biopolymer thermoplastics represents an attractive alternative 
to plastics derived from fossil fuel-based feedstocks during a time of rising oil prices, waste 
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SUMMARY OF THE INVENTION 

The invention comprises the use of xylose as a primary carbon source, and levulinic 
acid as a secondary carbon source, or co-substrate, for microbial fermentation to produce 
PHAs. In another aspect of the invention, the relative amounts of hydroxyvalerate (HV) and 
hydroxybutyrate (HB) in the PHA are modulated by adjusting the amount of co-substrate. 

The invention therefore pertains to methods of producing PHAs by microbial 
fermentation s well as to the PHAs so produced. 

In a related aspect of the invention, the invention comprises a process for preparing 
xylose suitable for use in a microbial culture medium from a composition that is the 
hemicellulosic fraction of a woody biomass which comprises removing organic solvents used 
in the preparation of the hemiceullosic fraction. 

In another aspect of the invention, oxidized or otherwise derivatized xylose, levulinic 
acid, or both are employed to produce polymers with similarly derivatized monomers. 

DETAILED DESCRIPTION OF THE INVENTION 

Poly-3-hydroxybutyrate [P(3HB)] is probably the best characterized of all the PHAs. 
However, polymers of P(3HB) are highly crystalline and brittle, resulting in a rather limited 
range of applications. Because of these limitations, recent investigations have focused on the 
synthesis of a co-polymer consisting of 3 -hydroxybutyrate and 3 -hydroxyvalerate to create 
poly(3-hydroxybutyrate-co-3 -hydroxyvalerate) [P(3HB-co-3HV], a polyester with increased 
strength and more flexible mechanical properties conferred by its unique monomeric 
composition (Holmes 1988). The physical and thermal properties of the P(3HB-co-3HV) co- 
polymer and other related PHA polyesters can be regulated by varying their molecular 
structures and monomeric compositions through judicious choice of microorganism, 
substrate/co-substrate ratios, and general fermentation conditions. The family of PHA 
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thermoplastics produced by our research encompasses a wide range of industrially useful 

polymeric materials. This class of polymers displays physical and mechanical properties 

ranging from hard crystalline plastics to elastic rubbers, with melting temperature profiles 

that allow for commercial extrusion, injection molding, and fiber spinning to create a variety 

of value-added products (Sudesh et al 2000). 

One of the major limitations to the commercialization of PHAs as replacements for 

petroleum-based polymers remains their relatively high cost of production. For this reason, 

much effort has been directed toward the development of higher yielding strains and more 

efficient fermentations. We have utilized xylose and xylose oligomers, derived from the 

acid-hydrolyzed xylan component of forest biomass generated by the paper industry, as the 

primary carbon source. Currently the major portion of this eminently fermentable carbon 

source is either discharged into the environment or burned to generate heat within the plant. 

Willow tree biomass is a useful source of xylans because it is fast growing and because the 

pulping or delignification process leaves relatively large amounts of cellulose and residual 

xylan. 

The co-polymer, P(3HB-co-3HV), can be synthesized by several strains of bacteria, 
including Ralstonia eutropha (formerly Alcaligenes eutrophus), Methylobacterium sp., select 
species of Pseudomonas, and various recombinant clones growing on mixtures of the 
appropriate monomer-supplying carbohydrate and an odd-chain fatty acid, such as propionic 
acid, provided as a co-substrate with the primary carbon source (Madison and Huisman 
1999). 

In the practice of the current invention, the ratio of the co-substrate, levulinic acid, to 
the primary substrate, xylose, allows for control of the 3HB/3HV composition of the co- 
polymer. The ratio of valerate/butyrate in the P(3HB-co-3HV) polymer has an industrially 
important influence on its physical and mechanical properties, including melting and glass 
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transition temperatures, tensile strength, elasticity, flexural modulus, and decomposition 

profile (Doi 1 990). The approach described herein produces a composition-regulated P(3HB- 
co-3HV) co-polymer, preferably using hemicellulosic wastestreams as the principal carbon 
source and appropriate formulations of levulinic acid, which also are preferably derived from 
inexpensive, renewable feedstocks. Preliminary experiments, using levulinic acid, indicate 
select microbial utilization of this co-substrate in the production of P(3HB-co-3HV) co- 
polymers, as evidenced by the progressive increase in the 3-hydroxyvaleric acid fraction, 
regulated by defined co-substrate additions, See, Example 2, below. 

The current invention also allows for the production of polymers with advantageous 
properties, e.g. 9 controlled and improved HV:HB ratios, greater viscosity, indicating higher 
molecular weight/longer average chain length, etc.. 

In the practice of the invention, PHA-producing microbes are cultured in accordance 
with standard techniques. Similarly, the PHA so produced can be harvested using standard 
techniques. See, e.g., Horowtiz et aL, U.S. 5,871,980. 

Recombinant^ engineered bacterial strains, which can be used in the practice of the 
invention, can be manipulated to modulate the HB:HV ratio in the co-polymer. For example, 
Aldor and Keasling (2001) demonstrated that the composition of P(3HB-co-3HV) can also be 
controlled by metabolic engineering of a recombinant Salmonella enterica strain, which 
involved "dialing the composition" by varying the induction level of a critical PHA 
biosynthetic gene. Schubert et aL (1 998) report PHA expression in E. coli transformed with 
constitutively expressed PHA biosynthesis genes of R. eutropha. Choi et al. (1998) report 
cloning of PHA biosynthesis genes from Alcaligenes latus. See, also, e.g., U.S. 6,593,1 16 
and 6,316,262. 

The invention can also be used to produce derivatized PHA homopolymers, co- 
polymers, terpolymers, etc., e.g., by selecting fermenting microorganisms equipped with the 
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necessary metabolic machinery for utilization of the appropriate precursor PHA substrates. 

This can be accomplished by genetically engineering microorganisms to express required 

metabolic genes, or by pre-fermentative enzymatic treatment of PHA substrates for the 

production of novel polymers with unique backbone and side-chain structures. The resultant 

polymers display unique physical, chemical, and mechanical properties, related to their 

monomelic compositions and crystalline structures. As noted above, methods for genetically 

engineering PHA-producing microorganisms are known. Techniques for pre-fermentative 

treatment of substrates are also within the skill of the art For instance, xylose can be used in 

a PHA fermentation in conjunction with an oxidized/derivatized version of levulinic acid or 

other related condensation product of levulinic acid. 

The hydroxyl-containing functionalities of the unpolymerized 3- hydroxybutyrate and 
3- hydroxyvalerate monomers are potentially oxidizable substrates that could be condensed 
with other moieties to produce derivatized monomers and thus drastically different crystalline 
lattice structures in the resultant PHA polymers (changing physical, chemical, and 
mechanical properties). 

The oxidation or derivatization reactions would be catalyzed by a selected enzyme 
prior to addition to the fermentation medium. Typically, the oxidation or condensation (e.g. 
to another molecule that offers unique structural features) would occur at the 3-OH position. 
The derivatized levulinic acid would be added to the PHA fermentation as the co-substrate 
with xylose, to then be recognized and acted upon by native or recombinant monomer- 
supplying enzymes and PHA polymerase enzymes. For example, oxidation at the 3-hydroxy 
position of the PHA precursor, 3-OH-valeryl-CoA, can produce unique monomers that would 
be recognized by the host strain's PHA synthase/polymerase and incorporated into the 
growing PHA chain(s). Derivatized forms of xylose can similarly be used to prepare 
different monomers. Thus, this invention, in some embodiments, encompasses use of 
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oxidized or otherwise derivatized levulinic acid, xylose, or both. Such derivatized carbon 

sources would typically be prepared outside the fermentation and added to the fermentation 

medium, although genetic engineering techniques would permit the introduction into the 

fermenting microorganism of genes necessary to derivatize the carbon source biologically 

and in situ. 

The invention can also be used to produce PHAs with 4-HV monomers. Steinbuchel 
et al (1998) demonstrated the production of PHA polyesters composed of 3HB, 3HV, 4HV, 
and medium-chain length hydroxyalkanoate monomers (hexanoate and octanoate), utilizing a 
recombinant strain of Pseudomonas putida. The controlled fermentation used octanoic and 
levulinic acids as carbon sources. This study purposely used levulinic acid as a precursor to 
4-HV, because 4-hydroxyvaleric acid is not commercially available. In the Examples 
described hereinbelow, levulinic acid was the precursor to 3-HV monomers. However, by 
proper selection of the fermenting microorganism, e.g., by genetic engineering, or by 
appropriate selection of fermentation conditions, the invention can be used to produce 
polymers comprising 4-HV monomers through use of xylose and levulinic acid as the carbon 
sources. 

In a further embodiment of the invention, fatty acid substrates longer than levulinic 
acid are added to the fermentation medium to produce polymers that comprise medium-chain 
length PHA (MCL-PHA) monomers in addition to the 3-HV and 3-HB monomers. Such 
MCL-PHA monomers include, e.g., 3-hydroxyhexanoate (3-HHx) and 3-hydroxyoctanoate 
(3-HO). Fatty acids that are included as additional carbon sources include, e.g., dodecanoic 
acid, decanoic acid and octanoic acid, as well as longer chain fatty acids such as oleic acid or 
oleate or palm oil. Inclusion of such additional carbon sources can result in novel polymers 
with more desirable physical/mechanical properties (e.g. lower melting points, greater 
flexibility, greater elongation to break percentages, etc.). 
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The alkyl side chains of PHA monomers are generally saturated, although aromatic, 

unsaturated, halogenated, and branched functionalities have been described in the literature. 

In a typical PHA production, PHA-producing microorganisms are cultured in a 
medium that utilizes xylose and levulinic acid as the principal carbon source and organic acid 
cosubstrate, respectively. Sterilized aliquots of these substrates are added to a defined 
mineral salts medium, followed by inoculation. The amounts of xylose and levulinic acid 
will vary depending, e.g., on the microorganism selected. Typically, xylose is added in an 
amount of up to about 4% w/v final broth concentration, e.g., about 2.0 to about 3.0% w/v. 
Granular xylose is dissolved in distilled water, autoclaved, and added as a single dose just 
prior to inoculation. The 2-3 % w/v concentration of xylose appears to result in rather high 
cell densities and PHA product yield, with the concentration of levulinic acid being varied in 
order to modulate the hydroxyvalerate fraction of the copolymer. 

Depending on the woody biomass source and hydrolytic procedure/conditions, the 
concentration of xylose estimated in the final, detoxified xylan hydrolysate typically ranges 
from about 1 .0 to about 2.5 % w/v. The choice of fermenting organism (recombinant or 
natural PHA-producing strain) will influence the potential carbon sources and associated 
concentrations that should be used to optimize yields and monomeric composition of the 
PHA product. Additionally, the dose and administration schedule will vary when the PHA 
production scheme is converted to a fermenter-based culture, in which xylose and levulinic 
acid may be added periodically throughout the fermentation. This type of fermentation may 
also be divided into two stages, the first of which provides for balanced growth conditions 
and relatively high substrate concentrations in order to maximize cell densities. These cells 
are then transferred to a nitrogen limited/unbalanced growth medium for the production of 
PHA polymer product 
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In accordance with this invention, the xylose is preferably derived from woody 

biomass. Woody biomass, e.g., forest biomass, comprises three readily separable fractions: a 

lignin fraction, a cellulosic fraction and a hemicullulosic fraction. The hemicelullose- 

enriched fraction comprises xylans from which xylose can be derived. Hemicellulosic 

fractions of woody biomass can contain microbial growth-inhibiting substances which are 

preferably removed prior to use of xylose obtained therefrom. Thus, in a related aspect of 

this invention, this invention comprises a process for detoxifying xylans, thereby making a 

composition comprising the hemicellulosic fraction of woody biomass suitable for use as a 

fermentation carbon source. This process of the invention comprises removing volatile 

solvents from a hemicellulose-enriched fraction of a woody biomass, preferably by 

distillation under vacuum, although other methods can be used, e.g., extraction using other 

organic solvents such as, e.g., diethyl ether. Thereafter, the process preferably comprises 

adjusting the pH of the distillate to above neutral, e.g., about 8 to about 12, preferably about 

10 and maintaining the high pH for several minutes to several hours, e.g., at least about 30 

minutes, preferably for about 1 hr to remove volatile solvents; adjusting the pH to below 

neutral, e.g., about 6 to about 2, preferably about 5 to about 6, e.g., with an organic acid such 

as sulfuric acid; contacting the acidified preparation with a molecular sieve, e.g., activated 

charcoal for several minutes to several hours, e.g., at least about 30 minutes, preferably for 

about 1 hr; and then adjusting the pH to about 7;* removing calcium, e.g., by precipitation 

with potassium phosphate. Optionally, this preparation is filter sterilized prior to inoculation. 

Also, optionally the composition is supplemented with nutritional supplements to enhance 

microbial growth, e.g., with salts, trace elements and vitamins, e.g., prior to filter 

sterilization. 

A typical such procedure is as follows. 
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1 . Using a flash evaporator, reducing a hemicellulosic fraction of a woody biomass to 

half volume. 

2. Replacement of volume with water and flash evaporate again to half volume but do 
not replace volume this time. 

3. Filtration through filter paper & Buchner funnel. 

4. Overtiming using calcium hydroxide to pH 10 and maintain for 1 hour 

5. Filtration again as in #3. 

6. Adjusting pH to 5.5 using sulfuric acid/add sodium sulfite (lg/L). 

7. Treating with activated charcoal for 1 hour followed by filtration again as in #3. 

8. Checking pH again; adjust to 7. 

9. Adding potassium phosphate (monobasic) until precipitation and/or suspension 
formation stops (to remove the calcium). 

10. Filtration to remove calcium phosphate. 

1 1 . Adding salts, trace elements and vitamins as needed for microbial growth. 

12. Filter sterilization. At this point the hydrolysate is typically a clear and slightly 
yellow liquid and is ready for inoculation. 

Various methods can be used to prepare the xylan-containing starting material, i.e., 
the hemicellulose-enriched fraction of woody biomass. One illustrative process, is the 
protocol developed by the National Renewable Energy Research Laboratory (Golden, CO), 
which is a procedure known as the Clean Fractionation (CF) or NREL CF process. This 
process is disclosed in U.S. 5,730,837, which is incorporated herein by reference as though 
fully set forth. The hemicellulosic fraction produced in this process is rich in five-carbon 
sugars (principally xylose) and is thus termed a "C5 stream". Briefly, the procedure involves 
treatment of a woody biomass with organic solvents (namely, methyl isobutyl ketone (MIBK) 
and ethanol (EtOH)), an acid, e.g., sulfuric acid, and water for selective separation of the 
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three principal woody biomass components: lignin, cellulose, and hemiceullose. The 

hemicellulosic stream is a dilute aqueous solution that contains growth inhibiting 

concentrations of MIBK and EtOH, for which the distillation/removal steps (#2 and #3, 

above) are included in the hydrolysis-detoxification procedure described above. 

In a second illustrative method, wood chips from a variety of tree species are treated 
at high temperatures (140-180°C) and pressures in stainless steel chambers, using water as an 
extracting solvent In this process, the lignin framework is partially degraded, allowing for a 
rather high degree of hemicellulosic extraction into the aqueous phase. The remaining wood 
chips are saved for other cellulosic applications and the opaque, muddy-brown xylan 
hydrolysate is detoxified, e.g., by acid hydrolysis as described above, for subsequent PHA 
fermentation. The distillation steps (#2 and #3, above) are not necessary for this water-based 
hydrolysate, although the remainder of the detoxification procedure is useful. 

Levulinic acid can be obtained, for example, from the Biofine Corporation (Glens 
Falls, New York) as a refined, crystalline substance. The Biofine process is basically a two- 
stage, acid hydrolysis of 6-carbon sugars that results in the cost-effective production of 
levulinic acid in relatively high yield. The process is described in a paper published by 
Bozell et al. (2000). Briefly, carbohydrate-containing materials are hydrolyzed in a first 
reactor at 210-230°C in the presence of 1-5% mineral acid. The hydroxymethylfurfural 
produced in this initial hydrolysis is removed and continuously supplied to a second reactor 
for further hydrolysis at 195-215°C to produce levulinic acid. The levulinic acid yield is on 
the order of 60 % or greater. 

Levulinic acid is generally added to the PHA fermentation medium first as a low 
initial dose (approx. 0.07 % w/v) together with xylose. Then, typically, after about 16 to 
about 24 hours, when PHA polymer formation is estimated to begin (optical density at 540 
urn, indicating cell density, at this point is generally 0.3-0.5 using B. cepacia in a 
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xylose/levulinic acid PHA fermentation), a second dose of levulinic acid is preferably added. 

The important aspect of levulinic acid addition at this time is that PHA production is just 

beginning, as the nitrogen concentration in the shake-flask has declined to levels insufficient 

for optimal growth and thus conducive to PHA accumulation. Using this shake-flask 

fermentation procedure, formation of the poly(hydroxybutyrate) homopolymer is minimized 

and production of the desired P(3HB-co-3HV) copolymer is encouraged. Levulinic acid is 

added at various concentrations in the second dose (i.e. generally concentrations ranging from 

0-0.8 % w/v), depending on the molar fraction of hydroxyvalerate desired in the P(3HB-co- 

3HV) copolymer. 

As disclosed above, typically, levulinic acid is added as a 0.07 % w/v initial dose. To 
prepare PHAs with increasing amounts of 3(HV) monomer, the acid can then be added in 
progressively increasing second doses (generally 0.1 to 0.8 % w/v) at about 20 hours post- 
inoculation, depending on the desired molar fraction of HV in the resultant PHA. Assuming 
2.2 % w/v xylose, the ratio of levulinic acid to xylose in the final fermentation medium thus 
varies from 0.03, i.e., 0.07/2.2, (no second dose of levulinic acid) to 0.4, i.e., 0.87/2.2 (second 
levulinic acid dose of 0.8 % w/v). Levulinic acid is a known inhibitor of tetrapyrrole 
biosynthesis and can exert growth and PHA-inhibiting effects when administered at 
sufficiently high concentrations. For this reason, the concentration of levulinic acid added to 
the cultures is often limited in order to obtain quantities of the PHA product sufficient for 
isolation and characterization. 

After culturing the microorganisms for up to about a week, the PHA is collected, e.g., 
by freeze-drying cells collected from the culture broth, grinding the dried cells, suspending 
the ground cells in an organic solvent, and then precipitating the PHA, e.g., with ethanol. 
The precipitate can be filtered and re-precipitated to improve purity prior to final drying. 
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The PHA-laden shake-flask cultures are generally harvested by centrifugation about 

65 to about 75 hours post-inoculation (assuming B. cepacza-based fermentation of xylose and 

levulinic acid). With shake-flask cultures of A cepacia, the OD540 of the broth (optical 

density at 540 nm) ranges from 2.5-3.5 at this time. The point of optimizing harvest time is 

to maximize product yield in terms of percent dry biomass occupied by the PHA polymers. 

If the fermentation is allowed to proceed longer than this optimal period of time, then the 

microrganism will begin to metabolize the polymer as a carbon and energy reserve {i.e when 

available exogenous carbon sources in the fermentation medium have been exhausted). Thus, 

the optimal time for cell/polymer harvest will vary based on the fermenting organism and the 

method of fermentation (shake-flask or fermenter). 

Compositional analysis and characterization of the PHA polymers can been 
accomplished through ! H and 13 C-NMR solution spectroscopy, in order to quantify the molar 
ratio of HV/HB for various amounts and ratios of xylose and levulinic acid and otherwise to 
optimize fermentation conditions. 

The Examples that follow are illustrative and not limiting of the invention. 

EXAMPLES 

Example 1 

Microroganism and Fermentation conditions. Shake flask experiments employing 
Burkholderia cepacia (formerly Pseudomonas cepacia) ATCC 17759 were carried out using 
585 ml cultures composed of: 500 ml nitrogen-limited, defined mineral salt/trace element 
solution as described by Bertrand et al (1990), 33 ml of concentrated xylose solution (from 
36 % w/v stock, 2.2 % w/v final broth concentration), 2 ml of levulinic acid solution (from 42 
% w/v stock solution in distilled water, pH adjusted to 7.2 with NaOH, 0.07 % w/v final 
broth concentration), and 50 ml of a seed culture inoculum. Nitrogen was further limited by 
reducing the (NH4) 2 S0 4 concentration to 1 .5 g/L. The preinoculum seed cultures for all 
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experiments were prepared in 2800 ml Fernbach flasks containing 0.8% w/v nutrient broth or 
2.2 % w/v xylose and 0.07 % w/v levulinic acid, incubated at 28°C and 150 rpm for 72 hours. 
PHA production cultures were incubated at 28°C and 150 rpm for 20 hours (OD540 : 0.3 -0.5 
), at which time second doses of the above described levulinic acid solution were added to the 
appropriate cultures. Shake-flasks were incubated for another 48-50 hours and harvested 
(OD540 : 2.5 - 3.0) for biomass and PHA extraction. 

Biomass and PHA sample preparation. Broth cultures were harvested from shake 
flasks by centrifugation in 250 ml Nalgene bottles at 10,000 rpm for 10 minutes. Wet cell 
pellets were then washed in 100 ml dl^O, subjected to a second centrifugation, and 
transferred to 200 ml glass bottles for lyophilization (-50°C, 0.05 mmHg vacuum pressure, 
12-18 hours). Dried cell pellets were weighed, ground to powder, suspended in chloroform 
{i.e. 0.1 g lyophilized cell powder/ml), and incubated in 150 ml glass jars at 60°C for 24 
hours. P(3HB-co-3HV) co-polymer was precipitated from the viscous chloroform solutions 
by 1:10 mixture with 95% EtOH and subsequently filtered through Whatman #1, 9 cm paper. 
Dried, white P(3HB-co-3HV) co-polymer cakes were resolubilized in chloroform for 
secondary and tertiary debris extractions, before being solvent-cast into 10 cm Pyrex petri 
dishes for film sample preparation. Residual chloroform solvent was removed from the 
P(3HB-co-3HV) co-polymer film samples by vacuum oven drying at 70°C and 20 in Hg 
vacuum pressure for 24 hours. The tested films were solvent cast into films 60-100 days 
following their initial production and aged at room temperature for approximately 60 days 
prior to physical/thermal characterization. 
Example 2 

B. cepacia ATCC 17759 was grown essentially as described in Example 1 except that 
levulinic acid was re-fed at 20 hours and the amount of levulinic acid in the re-feeding was 
varied in different batches. Specifically, levulinic acid was added to all cultures initially as a 
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0.07 % w/v dose and then as progressively increasing doses (generally 0.1 to 0.6 % w/v) at 20 

hours post-inoculation. Thus, the ratio of levulinic acid to xylose in the final fermentation 
medium varied from 0.03, i.e., 2.2:0.07, (no second dose of levulinic acid) to 0.3, i.e., 
2.2:0.67 (second levulinic acid dose of 0.6 % w/v). 

Compositional characterization of these PHA samples through 300 MHz l H NMR, 
l3 C NMR, and X-ray diffraction studies has determined the solvent-cast films to be co- 
polymers composed of 3-hydroxybutyrate and 3-hydroxyvalerate (P(3HB-co-3HV). The 
table below shows the effects of. differing amounts of levulinic acid in the second feeding on 
the relative amount of 3HV in the final P(3HB-co3HV) co-polymer. The amount of levulinic 
acid in the second feeding had no substantial effect on total biomass collected or the yield of 
co-polymer. 
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